The ploidy of Vibrio cholerae was quantified under different growth conditions. The V. cholerae was found to be (mero-) oligoploid or polyploid. The ploidy levels per cell were found to be growth phase regulated. The ploidy is highest during the early stationary phase (56-72 per cell) and lowest in the long-term starved state. In addition to growth phase, an external parameter such as nutrient level influences the ploidy, i.e. ploidy reduces rapidly at the onset of the starvation. The reduction is significant with P-value < 0.05 within 2 h of starvation. Even after prolonged starvation of 10 days, the ploidy number remained above 2 per cell. Failure to obtain a monoploid V. cholerae indicates that during starvation the genome is not distributed equally to daughter cells. The activity of DNase enzyme increased during starvation that decreased the ploidy. The ploidy was restored to the pre-starvation levels with nutrient supplementation.
INTRODUCTION
The non-dividing prokaryotes are considered to be monoploid with a single copy of their chromosome. However, some species are known to be polyploid, e.g. Deinococcus radiodurans, Azotobacter vinellandii and the cyanobacterium Anabaena cylindrica. In recent years, it has been shown that the majority of species of prokaryotes are oligoploid or polyploid (Pecoraro et al. 2011) . The polyploidy offers many advantages to the bacteria including low mutation rate, resistance against double-strand breaks, gene redundancy, global regulation of gene dosage, survival over geological times, large cell size and storage of phosphate (Zerulla et al. 2014; Zerulla, Ludt and Soppa 2016) . Recently, many species of proteobacteria except Neisseria lactamica and Escherichia coli are found to be polyploid. Polyploidy appears to be a common condition with monoploid being an exception.
Vibrio cholerae is a gram-negative, motile, autochthonous organism and a human pathogen causing cholera (Colwell and Spira 1992; Ali et al. 2015) . It survives in sea water for prolonged period wherein it experiences starvation stress. During starvation, the reduction in the macromolecular content of the cell such as carbohydrates, β-hydroxybutarate, proteins and several fatty acids is documented (Morita and Novitsky 1977) . The reduction in the DNA content of the starved cell has also been reported in several studies (Hood et al. 1986; Morita and Novitsky 1977) . The DNA per cell reduced up to 90% of the original amount. DNA reduction during starvation could be due to the reduction of additional DNA copies or loss of DNA due to cell envelope stress, or changes in the configuration of nucleotide or some unknown mechanism (Morita and Novitsky 1977; Moyer and Morita 1989; Wai, Mizunoe and Yoshida 1999; Baumler et al. 2008 ).
The V. cholerae is a member of the phylum Proteobacteria, and many members of this phylum are polyploids. Therefore, there is a possibility that V. cholerae could also be a polyploid organism. The V. cholerae is known to survive prolonged starvation conditions. Hence, it could accumulate higher ploidy to survive the long-term starvation. The reduction in ploidy during starvation can explain the accompanying loss of DNA per cell. This study was carried out to understand the ploidy number variation in V. cholerae. A rapid and refined technique of ploidy determination using qPCR was carried out. The changes in ploidy during growth condition were measured. The ploidy number was also determined under reduced nutrient condition. The results of this study would help in understanding the starvation biology of V. cholerae.
MATERIALS AND METHODS

Starvation inoculum
The Vibrio cholerae O1 El Tor lab isolate was used in the study. The cells were cultured regularly in Luria-Bertani broth (HiMedia, Mumbai, India) supplemented with 1% NaCl at 37
• C (Colwell 1996) . To induce nutrient-limited conditions, the cells were inoculated in artificial sea water (ASW) and allowed to incubate at 28
• C (Colwell 1996) . At regular intervals, the starved cells were harvested, cell number was enumerated and ploidy was determined. The cell number was determined by plating appropriate dilutions at particular intervals. The cell number was also determined by Neubauer cell counter. For phosphate supplement studies, the cells were cultured in ASW supplemented with 10mM K 2 HPO 4 .
Quantification of DNA
The DNA was isolated from cultured cells using Bacteremia DNA Isolation kit, Biostic (MoBio Laboratories, Carlsbad, CA, USA) at different time intervals. The quality and integrity of the eluted DNA were verified on 1% agarose gel electrophoresis. Spectra readings of the isolated DNA were recorded using a Nanodrop photometer, and DNA per cell was calculated.
Cell disruption for ploidy analysis
The cells from appropriate growth condition were harvested by centrifugation. The cell number was determined using Neubauer cell counter. The cells were lysed using 4mg mL
lysozyme in Tris buffer (pH 7.2). The lysate was plated to measure the lysis efficiency. After the lysis, the cell debris was removed by centrifugation (8000 × g, 5 min). 0.1 mL of the supernatant was used as the cytoplasmic extract for further analysis. The integrity of genomic DNA was checked using agarose electrophoresis.
Ploidy determination using qPCR method
The ploidy was determined by real-time quantitative PCR (RTqPCR) method (Pecoraro et al. 2011) with following modifications. Fragment of 900 bp region of V. cholerae recA gene was amplified using standard PCR from genomic DNA of V. cholerae (Table S1 , Supporting Information). The fragments were purified by preparative agarose gel electrophoresis and the GenElute PCR clean-up kit (Sigma-Aldrich, USA). The PCR amplified DNA mass concentrations were determined photometrically, and the concentrations of DNA molecules were calculated using the molecular weights computed with 'oligocalc' (www.basic.northwestern.edu/biotools). A dilution series was generated for each standard fragment and used for qPCR analysis with the dilution series. The qPCR was carried out by following the MIQE guidelines. The genome copy number per cell was calculated using the cell number present at the time of cell lysis. Three independent biologic replicates were performed for each sample.
Ploidy determination using spectroscopic method
Ploidy was also determined using the spectroscopic method. The DNA was isolated using Bacteremia DNA Isolation kit, Biostic. The isolated DNA was verified by 1% agarose gel electrophoresis. The spectrophotometric readings (260 nm) of the isolated DNA were recorded. The cell number and absorption at 260 nm were used to calculate the ploidy per cell using the following parameters (Zerulla, Ludt and Soppa 2016) : an absorption value of 1 at OD 600 equals a DNA concentration of 50 μg mL −1 , the mean molecular mass of 1 bp is 660 g mol −1 . The genome size of V.
cholerae is 4.34 Mbp (Heidelberg et al. 2000) .
DNase activity measurement
The activity of DNase was monitored using agarose gel method (Gerceker et al. 2009 ). Different aliquots of whole cells were harvested from different growth conditions. 500 μg mL −1 calf thymus DNA was added to the cell aliquots, and the cells were incubated at 37
• C for various time intervals. The degradation of DNA was checked using 0.9% agarose gel electrophoresis.
RNA isolation and cDNA preparation
Total RNA was extracted from cultures using the RNeasy mini kit (Qiagen, Valencia, CA, USA) as per manufacturer's protocol. Samples were stored at −80 • C until used. RNA quantity and quality was measured using a photometer (Eppendorf, Hamburg, Germany). About 1 μg of the RNA was reverse transcribed using a DyNAmocDNA synthesis kit (Finnzymes, Espoo, Finland). The expression profile of the cDNA products was determined using the RT-qPCR and analyzed using the Rotor-Gene Q Series Software 2.1.0 (Build 9) analysis template. The gene-specific primers for DNase enzymes (Table S2 , Supporting Information) were designed using integrated DNA technologies Primer Quest software (www.idtdna.com/site).
Statistical analysis
All the tests were carried out in triplicates with appropriate biological replicates. The mean and standard deviation of the replicates are provided wherever required. The ploidy number as obtained from qPCR and spectroscopic method were analysed using Bland-Altman plot for the test of agreement (Altman and Bland 1986) . The correlation between reduction in DNA and ploidy during starvation was also determined using regressioncorrelation analysis. The Student's t-test was carried out to determine the significant results at P < 0.05.
RESULTS
Vibrio cholerae is a polyploid with genome copy number reaching 71 ± 5.62 per cell during exponential phase (Fig. 1) . The ploidy in the overnight grown culture was found to be 62 ± 3.53 per cell. The cell maintained its polyploidy condition even after 48h of Figure 1 . Determination of the ploidy of V. cholerae during the laboratory growth condition. The ploidy of V. cholerae was determined during the exponential phase and also in the stationary phase using qPCR based method. The ploidy of E. coli was also determined as a positive control. All the experiments were carried out in triplicates.
incubation in LB. The ploidy of E. coli was determined as a positive control. During the exponential phase, the E. coli ploidy number was 8, and is in agreement with the earlier reports (Pecoraro et al. 2011) . The ploidy calculated from the spectrophotometric method and the qPCR method was in excellent agreement ( Fig. S1 ) as shown by the Bland-Altman plot (Altman and Bland 1986) . The P-value of t-test was < 0.05, indicated that there is no significant difference between the ploidy values obtained from the spectrophotometer and the qPCR. All further experiments were carried out using the qPCR method.
The ploidy number depends on growth phase and nutrient levels
The ploidy during different stages of V. cholerae growth curve was determined (Fig. 2) . The ploidy increased steadily from lag phase to log phase. The highest ploidy (71 ± 2.56) was observed after 8 h of the growth. During the prolonged stationary phase (48 h) ploidy number decreased to 20 ± 1.42 per cell. The ploidy was also determined under the limited nutrient condition in ASW. The cell number reduction in ASW was negligible during the 10 days of starvation (Fig. S2 , Supporting Information). But the ploidy of the starved cells was considerably reduced (Fig. 3) . The starved cells reduced their ploidy number to 15.7 ± 4.86 per cell within 2 h of starvation. Further, the reduction in ploidy progressed gradually, and by 24 h, the ploidy number reached 6.46 ± 1.28 per cell. The ploidy was 2.34 ± 1.38 per cell even after 10 days of starvation.
DNA per cell reduces during starvation
The reduction in DNA content per cell was monitored in starvation regime (Fig. S3, Supporting Information) . The reduction in DNA content per cell was rapid during the first 8 h of starvation in ASW; however, the cell number reduction was minimal (Fig. S2, Supporting Information) . The initial DNA content per cell was 314.76 ± 18.92 fg per cell, which was reduced to <70 ± 3.46 fg per cell within 8 h. After this, a gradual reduction of DNA per cell was observed throughout the starvation phase. On 10th day of starvation, DNA was reduced to 10.89 ± 1.5 fg per cell corresponding to 97% reduction from initial DNA content. The reduction of DNA was biphasic with initial rapid fall in DNA per cell followed by gradual but the continuous decline over the entire period of starvation (Fig. S3, Supporting Information) . This pattern of DNA reduction during starvation correlates with that of the ploidy with r = 0.995. (Fig. S4, Supporting Information) 
Effect of phosphate supplementation on ploidy number
The ASW does not contain any phosphate sources. Hence, phosphate supplementation was postulated to slow down the DNA reduction. However, the ploidy levels did not increase in the presence of the phosphate (Fig. S5, Supporting Information) and also the cells did not show any changes in survivability in the presence or in the absence of the phosphate.
The ploidy recovery during nutrient upshift
The starved cells were tested for their ability to recover the ploidy number, during the nutrient upshift. The starved cell inoculum was supplemented with 1X LB broth. The availability of all essential nutrients prompted the cells to grow exponentially to maximum population density though, with an extended lag period. The cells recovered their ploidy quickly during the nutrient upshift and reached maximum ploidy of 72 per cell during the exponential phase (Fig. S6, Supporting Information) .
Increase in DNase activity during starvation
The cells from exponentially growing culture and the cells from 2 h starved culture were compared for their DNase activity. The starved cells showed increased DNA degradation than that of fresh cells (Fig. 4) . The DNA degradation increased, with as the starvation duration was increased, indicated by the extended smear formation on the agarose gel. The addition of EDTA inhibited the degradation of DNA suggesting the role of DNase activity.
Expression analysis of DNase genes during starvation
The expression profile of DNase genes of 2 h starved cells in ASW was compared with that of actively growing cells (OD 600 = 0.5; Fig. 5 ). The DNase enzymes such as extracellular deoxyribonuclease (VC0470), endonuclease III (VC1011) and 5 deoxyribonucleotidase (VC1978) were upregulated by 1.88-fold, 1.7-fold and 1.95-fold during starved conditions, respectively. The exodeoxyribonuclease V (VC2319) was downregulated by 0.75-fold during starvation. The fold change of 1.5 and above was considered as significant.
DISCUSSION
Several species of the phylum proteobacteria are oligo or polyploid, such as Azotobacter vinelandii, three species of Neisseria, Buchnera species and two species of Desulfovibrio. Another member of the proteobacteria, Neisseria gonorrhoeae is a diploid with two genomes before and four genomes after replication. This ploidy depends on growth rate and optimal conditions (Zerulla, Ludt and Soppa 2016) . Hence, we hypothesized that the reduction in DNA is due to the reduction in extra DNA copies or ploidy. The ploidy of Vibrio cholerae has not been reported earlier, and this is the first report on ploidy of V. cholerae. The ploidy of V. cholerae varied with the growth stages as well as under the nutrient stress. Cells in the lag and the stationary phase divide slowly, in comparison to the log phase. The decrease in cell division rate, in turn, downregulates the DNA replication rate (Griese, Lange and Soppa 2011) . Both lag and stationary phase have reduced metabolic rate and consequently reduced DNA replication and cell division. Therefore, in lag-and stationary-phase cells, reduced ploidy number was observed. However, the optimum cell division conditions in log phase lead to high DNA synthesis and cell division. Hence, log phase cells accumulate higher DNA copies and thus become polyploids. These observations draw strength from Zaritsky, Woldringh and Mannik (2016) , where the connection between cell volume, cell division and DNA replication has been extensively reviewed. Among the 11 species of the proteobacteria, only three are truly monoploid (Pecoraro et al. 2011) . The Escherichia coli is a monoploid during prolonged growth but becomes a merooligoploid during fast growth. The ploidy is influenced by growth rates, as seen in Desulfovibrio, which has 17 genome copies during rapid growth in batch cultures and 9 genomes per cell in chemostat cultures (Griese, Lange and Soppa 2011) . The ploidy is also influenced by media type, for example in A. vinelandii, the ploidy at late exponential phase are well above 40 in rich growth medium but not in synthetic medium. In several species, the growth phase also influences the ploidy level (Zerulla, Ludt and Soppa 2016) . The ploidy was found to be higher in exponential phase than the stationary phase. Similarly, in our study, the V. cholerae showed the difference in ploidy during the growth phase (Fig. 2) . When the cells are grown under optimal conditions, the generation time becomes less than the replication/segregation time, leading to the re-initiation of replication before the previous replication round had been terminated (Griese, Lange and Soppa 2011) , which leads to increased ploidy in exponential growth phase. When the batch culture reaches stationary phase, the growth rate drops and the cell number becomes stable. However, the ploidy of V. cholerae was maintained near 20 even after 48 h. This observation suggests that V. cholerae has a mechanism to support high ploidy number.
When the V. cholerae was inoculated in ASW, the loss of cell viability is marginal (<10% of initial inoculum). ASW has no carbon, nitrogen and phosphate sources and yet the bacteria survived and maintained the constant cell number. More than 90% of the DNA per cell is lost within 24 h of starvation (Fig. S3 , Supporting Information). The reduction in DNA per cell was higher during initial hours of starvation. After that, the gradual reduction in DNA per cell continued over the entire course of starvation. The fall in DNA is biphasic and significant (Fig. S3 , Supporting Information). Hood et al. (1986) had observed the rise in cell number during initial hours of starvation, and they had concluded that the DNA per cell reduction is due to this increase in cell number. However, in this study, we did not observe any increase in cell number during starvation (Fig. S2, Supporting  Information) . The cell number declined by 10% of the initial population soon after induction of starvation, after that the cell number remained constant through the 10 days of starvation. The observed rise in cell number by earlier authors (Hood et al. 1986 ) may be due to carryover effect of nutrients from culture inoculum or stored polyphosphates or PHB within the cell that might have provided with essential nutrients for survival under starvation. Morita and Novitsky (1977) have suggested several possibilities for the reduction in DNA such as loss of DNA due to the leaky cell membrane or reduction in extra DNA copies or degradation of DNA due to stress or changes in the configuration of nucleotide, or some unknown mechanism.
The DNase enzymes are responsible for the degradation of DNA. Hence, the DNase activity of the V. cholerae was tested before and after the starvation. The DNase activity increased with the induction of starvation (Fig. 4) . The starved cells showed higher DNA degradation than the cells of exponential phase. The increase in gene expression of DNAse enzymes was evident in the qPCR data (Fig. 5) . The starved cell extracellular deoxyribonuclease, the endonuclease III and the 5 deoxyribonucleotidase had more than 1.5-fold change increased expression compared to the non-starved cells. The enzymes extracellular deoxyribonuclease is actively produced, and it is found in the exterior cell wall of the cell, whereas the 5 deoxyribonucleotidase is located in the periplasmic space. Both these enzymes might be involved in degradation of external DNA. More study is needed to understand the activity of DNase enzyme and the particular role of each enzyme in reducing the ploidy.
The DNA is the only macromolecule that has large deposits of C, N and P aggregates. DNA can be a good source of macronutrients. The studies by Zerulla et al. (2014) , Zerulla, Ludt and Soppa (2016) have concluded that in Haloferax volcanii and Synechocystis sp. PCC 6803 nutrient availability determines ploidy level, and that genomic DNA is used as a phosphate storage polymer. Recent studies have raised the possibility of evolution of DNA as storage molecule, because of its rich phosphate content (Zerulla et al. 2014) . We speculated that the DNA would serve as phosphate store in V. cholerae. However, we did not observe any difference in ploidy in the presence or the absence of phosphate in the media (Fig. S4, Supporting Information) . The availability of phosphate in media did not affect the ploidy during growth and starvation. Evolution might not have preferred the DNA as phosphate storage molecule in V. cholerae as it thrives in mineral rich estuarine waters (Colwell and Spira 1992; Ali et al. 2015) .
The higher ploidy may offer an advantage of being able to support more cell division process. Under adverse conditions, the increase in DNase activity may contribute to the recycling of the macromolecules. Further work is needed to explore the fate of the degraded DNA and its associated pathways. The results presented here show that the ploidy in V. cholerae varies with its metabolic/nutrient state.
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